A seismic anisotropy was found in the upper crust of the northern Yamato Basin, Japan Sea, during the downhole experiment in 1989. An ocean broadband downhole seismometer (OBDS) and nine ocean bottom seismometers (OBSs) were installed during Ocean Drilling Program (ODP) Leg 128 in and near Hole 794D. Traveltimes of P-wave recorded by the OBDS, and nearest three OBSs, which were corrected due to offset ranges from a shot to the receiver and thicknesses of the sedimentary layer, were fitted by an anisotropic velocity model: the azimuthal dependence of the velocity of P-wave propagation is expressed in terms of sinusoidal functions up to the sixth-order terms. Both the anisotropic terms, the second-and the fourth-order terms, and the laterally heterogeneous term, the first-order term, were significant in the model. The direction of P-wave propagation was measured by the OBS array data and found to deviate from the sagittal plate. The traveltimes and the direction of propagation both indicate that P-wave propagates faster east-west than north-south by 4%-7%. The anisotropy in the basement layer is interpreted to be due to stress induced opening of cracks.
INTRODUCTION
Since Stephen (1981) reported observations of seismic anisotropy from borehole data in the western Atlantic, there have been several studies that indicate evidence of anisotropy in the upper oceanic crust (Stephen, 1981 (Stephen, , 1985 White and Whitmarsh, 1984; Little and Stephen, 1985; Shearer and Orcutt, 1985) . Although seismic anisotropy in oceanic layer 2 seems to be the most probable explanation of azimuthal dependence of wave propagation, it is sometimes hard to distinguish between anisotropy and lateral heterogeneity from seismic data. Moreover, it is also likely that both anisotropy and lateral heterogeneity contribute to complexity of wave propagation. For example, Stephen (1988) reported the model with a horizontal velocity gradient of 2 s" 1 in the same area that Stephen (1981) investigated anisotropy. So, it is important to conduct an experiment with well-controlled geometry to investigate the dependence of wave propagation on directions.
The accuracy of locations of the seismic sources and receivers is one of the essential points for traveltime analysis. Navigation with the Global Positioning System (GPS) enables us to have good control of ship position. Seismometers in the deep sea drilling hole could be an excellent reference for locations of the ship from which a controlled seismic source was fired. A dense array of seismometers on the ocean bottom and reflection data can constrain the variation of local structure in the crust.
In 1989 a seismic experiment in Ocean Drilling Program (ODP) Hole 794D in the northern Yamato Basin, northeast Japan Sea, was conducted for a detailed study of crustal structure and anisotropy. The Japan Sea is one of the marginal basins in the northwestern Pacific. The sea has two major basins: the Japan Basin and the Yamato Basin, which are divided by the Yamato Rise. The Japan Basin has an oceanic crustal structure, and the Yamato Rise has a thick crust in which seismic velocity is comparable to that of a continental crust (Murauchi, 1972; Ludwig et al., 1975) . The southern part of the Yamato Basin is neither a typical ocean nor a continent (Hirata et al., 1987 (Hirata et al., , 1989 Katao, 1988; Chung et al., 1990) . The structure of the Yamato Basin was investigated by a modern method using an ocean bottom seismographic array. The crustal structure of the Japan Sea is by no means simple and homogeneous. Moreover, a seismic anisotropy in the uppermost mantle is also reported (Okada et al., 1978; Chung, 1992) . There has been, however, no attempt to detect an anisotropy in the crust of the Japan Sea so far.
We will here report evidence of seismic anisotropy in the upper crust using an ocean broadband downhole seismometer (OBDS) and an array of ocean bottom seismometers (OBSs). Instrumentation and installation of the OBDS is reported by Suyehiro et al. (this volume) and the detailed crustal structure by Shinohara et al. (this volume) . The latter study focuses on the lateral heterogeneity of the crust. We will concentrate on the seismic anisotropy in the present report.
EXPERIMENT
In order to study the crustal seismic anisotropy we conducted an air gun profiling experiment using a downhole and ocean bottom seismographic array in the northern part of the Yamato Basin. We deployed a three-component ocean broadband downhole seismometer (OBDS) at Hole 794D of the Ocean Drilling Program (Ingle, Suyehiro, von Breymann, et al., 1990) and an ocean bottom seismographic (OBS) array around the hole (Fig. 1) . We conducted a reflection/refraction experiment using an air gun as a controlled seismic source. The OBDS was installed and clamped at a depth of 714.5 m below seafloor (mbsf) by the JOIDES Resolution. Details of instrument and installation are described in Suyehiro et al. (this volume) . The OBS array was deployed by the Tansei-maru, consisting of nine OBSs on two mutually perpendicular lines. Among the OBSs five were distributed with an interval of 2800 m. One of the OBSs, JRT4, was located in the close vicinity of the hole (Fig. 2) . Hence, the OBDS and five OBSs formed a three-dimensional small-aperture seismic array. We will use the data from the OBDS and the inner three OBSs, JRT3, JRT4, and JRT6 in the array for the anisotropy study.
We fired two 9-liter air guns or one 17-liter air gun on two linear lines and two circles. Data from the circle profiling will be used in the present study to investigate the azimuthal dependence of wave propagation in the crust. The inner shooting circle has a radius of 9 km and the outer has a radius of 18 km. The two-dimensional crustal structure near Hole 794D was derived from the data of the linear profiling as reported by Shinohara et al (this volume) .
The distances between sources and receivers of the seismic signals are essential to discussing azimuthal variations of traveltimes due to the anisotropy. We use the Global Positioning System (GPS) as a primary data of the position of the shooting ship. The GPS navigation data were available about 80% of the operational period. During the period in which the GPS was unavailable, the LORAN-C data were used after smoothing and correcting with respect to the GPS coordi- nate. The navigation data were acquired continuously with sampling intervals between 4 s and 15 s. We found a systematic difference between the GPS and LORAN-C positions by about 300 m, which varies during the observational period. We estimated the differences during the period in which the GPS was unavailable by interpolating or extrapolating the differences in GPS available period. The hybrid shot positions are shown in Figure 3 . The position of Hole 794D was well located by the GPS and was used as the reference position for all other shots and OBSs. Since we used the Tokyo datum as the horizontal geodetic datum, we converted all GPS fixed positions in WGS84 into those in Tokyo datum. The OBSs were relocated by using direct water waves of air gun signals. Since the geometry of the shot and receiver positions is very good, we could locate OBSs very precisely. The error in the OBS position is estimated to be about 5 m in a least squares sense, provided that the error in traveltimes is 0.1 s. The root mean square of the residuals in traveltimes for the relocated OBS, for example, JRT4, is about 0.03 s. So we think that the total errors in locations of OBSs with shot positions are less than 50 m. The positioning data of the GPS have random errors of about 20 m, which is estimated from the scattering of the continuous positioning data. The drift of the clocks installed in the OBSs and that of the air gun shooting system aboard is calibrated with respect to the Japan Standard Time through the radio signal (JJY) before launching and after retrieval of the OBSs. The clocks were maintained with an accuracy of 0.05 s or better during the air gun operation.
Single channel seismic (SCS) reflection survey was simultaneously conducted during the air gun-OBS profiling. The reflection data were acquired on the Tαnsei-mαru in digital form. We recorded exactly the same air gun shooting by the OBDS, OBSs, and a hydrophone streamer.
DATA
Our basic data-sets include the traveltimes of the first arrivals, offset distances, and two-way traveltimes down to the acoustic basement from the single channel reflection profiles on the inner and outer circle shootings.
We show an example of seismograms for the inner circle shooting recorded by the OBDS in Figure 4 . The first arrival phases correspond to waves traveling through the uppermost basement layer with an average P-wave velocity of 4.5 km/s (Fig. 5) . Although the topography is relatively smooth in the studied area, the thickness of the sedimentary layer varies from site to site (Fig. 6) . We manually picked the first arrivals from the refraction seismograms and two-way traveltimes to the acoustic basement from the reflection profiles. An example of the picked traveltimes is shown in Figure 7 in comparison with offset distances from the shot positions to the receiver, and two-way traveltimes down to the acoustic basement at the position where the ship shot the air gun. The data show that traveltimes vary between 4 and 5 s. The overall variation of the traveltimes is well correlated to that of offset distances. Since the P-wave velocity in the basement is 4.5 km/s, the variation in the offset by 5 km changes the traveltime more than 1 s. Data from JRT4, located above the OBDS, are shown in Figure 8 and those from JRT3 and JRT6 are in et al., this volume). The signal-to-noise ratio of the first arrival phase is not as good as that of the inner circle shooting data ( Fig. 11) . We show the traveltimes of the refracted wave, offset distances, and the two-way traveltimes down to the acoustic basement from the sea surface ( Fig. 12 ).
TRAVELTIME ANALYSIS Method
Traveltimes are modeled by the following formula:
where t is a traveltime of the refraction arrival for the i-th shot, /, is an offset distance between the i-th shot position and the receiver, v(θ), is a velocity in the layer in which the refracted wave travels, t 0 is a time term of receiver, t bi is one-way traveltime down to the acoustic basement for the i-th shot, and K is a coefficient of t bi . If the receiver is located on the interface beneath which the refracted wave propagates, then t 0 is zero, which is the case for the OBDS receiving the inner circle shooting. For the outer circle shooting recorded by the OBDS, t 0 is a time term of the 4.5 km/s layer including both upgoing and downgoing ray paths. If the velocity contrast between the water layer and the refractor is very large, then the coefficient K becomes unity. In general, however, K is slightly different from unity. Variables t t , /,, and t bi are observable variables. In order to take the anisotropic effect in traveltimes into account, we introduce a function of azimuth,
./=i where v 0 + v is an average velocity in the refractor, Cj and Φ, are a Fourier coefficient and an initial phase of they-th order, respectively. We have examined the sinusoidal terms up to N = 6. For a weakly anisotropic medium ß(θ) has 2θ and 4θ dependencies (Backus, 1965) . Under the assumption of for the weakly anisotropic medium. From t b /,, v o , and t bi we will estimate t 0 , v, K, c jt and Φ, in a least squares sense.
To examine the statistical significance of introducing the azimuthal dependence in v(θ), we performed the sequential F-test: First, we fitted a model with ß(θ) = 0 to our data. Next, we added c b and Φi in the model (N = 1) and fitted it to the data. We performed the F-test to see that the introduction of the parameters significantly reduces the sum of squares of residuals. Then, we added c 2 , and Φ2 to the model (N = 2) to test the significance by calculating the F-value of the sum of squares of residuals, and repeated the same procedure until N was 6.
Results
The result of the F-test for the inner circle shooting observed by the OBDS is listed in Table 1 . Our data indicate that introduction of azimuthal dependence is significant up to the sixth-order sinusoidal functions: all anisotropic terms are statistically significant. The sixthorder term is still significant at the 0.01 level. The largest F value (180.8) is obtained for the 2θ term. The lθ term is the next most significant. Observed traveltimes and predicted times by the model up to the sixth for the OBDS are shown in Figure 13 . We can see that the data are well fitted by the model. The root mean square of sum of squares for the model without azimuthal dependence (0.09 s) is reduced to 0.02 s for the final model. Data from OBSs JRT3, JRT4, and JRT6 are also analyzed and results are tabulated in Tables 2, 3 , and 4, respectively. All data indicate significant reduction of residual sum of squares for the 2θ dependence in the velocity function. Data from the outer circle shooting recorded by the OBDS are in Table 5 .
We summarize the final models in Table 6 , in which only significant terms were adopted. One standard deviation of estimated parameters is also tabulated in parentheses. The data show that the largest sinusoidal term is the lθ for all data. The next largest is 2θ and then 4θ.
DEVIATION OF PHASE VELOCITY DIRECTION
Because a water layer is isotropic for P-wave propagation, if the underlaying layer is anisotropic, the direction of wave propagation deviates from the sagittal plane on which an incidence wave in the isotropic layer exists (Fig. 14) . We estimate the direction of P-wave propagation from the OBS array data. The data we used are òú? 4 and tsif 4 with t t 34 = tf ~ t 4 and Δ/,-64 = t 6 -tf, where àtj is arrival time observed at JRTj for the i-th shot. By using túf 4 and Nif 4 , we calculated direction of wave propagation and apparent slowness for each arrival. The direction we measured is normal to the wavefront of the wave which travels across the array: the direction of phase velocity. Figure 15A shows deviation of the direction from the sagittal plane. It clearly indicates azimuthal dependence of the deviation. The deviation changes its polarity at an azimuth of 180°, which indicates that the east-west direction is the fastest among all directions, suggesting that the array data are consistent with the model with the anisotropic layer. We also calculate the apparent slowness of each arrival (Fig. 15B) . The data indicate that waves coming from south are traveling faster than those from the north.
DISCUSSION

Inner Circle Shooting
We have obtained consistent data that suggest anisotropy in the upper crust near Hole 794D. We summarize the fastest direction and the magnitude derived from the 2θ term in Table 7 . We fitted the 2θ term to the OBS array data and derived the fastest direction. Traveltime data from the OBDS, OBS JRT4, and JRT6 all indicate that the fastest direction of the P-wave propagation is approximately eastsoutheast-west-northwest. We show residuals of traveltimes for the isotropic model (N = 1) with respect to azimuth in Figure 16 . The residuals can be interpreted as corrected traveltimes for variations of offset distances, depths of the acoustic basement, lateral changes of velocity, and uncontrolled geometrical errors. Figure 16 clearly demonstrates the 2θ dependence on azimuth which might be masked by lateral heterogeneity in the crust. The statistical test for the inner circle shooting data recorded by JRT4, for example, showed large F-values inN=2 and 4, but small or marginal values in N = 3,5, and 6 (Table 3) . The result strongly suggests that the effect of anisotropy is dominant in the data. However, there still is a significant component of lθ. We think that the component is attributed to either lateral change of the velocity in the upper crust or uncorrected error in relative position of the OBS. For example, if the OBS position with respect to the shot points has an error of 100 m, then the effect on the traveltime of the refracted wave for the inner circle shooting is 0.02 s, which is less than 1% of the traveltime. The amplitude of the lθ term (c,) is 5%, which is larger than the effect due to the error in the position. So we can say that the lθ term, together with the higher terms, represents the lateral heterogeneity in the basement layer. Because the amplitudes of the sinusoidal terms are large, the data-set of the OBDS is the most reliable. Table 7 shows that the direction of anisotropy, if any, is scattered in the range from southeast-northwest to east-west. The data from JRT3 for the inner circle shooting has almost northsouth direction of the fastest velocity. The data has the smallest amplitude in v(θ) and the largest error in estimates. The statistical test for JRT3 also indicates that introduction of the sixth-order term is more significant than that of the second-order term. The reason why the direction of the fastest wave propagation for JRT3 differs from that for OBDS, JRT4, and JRT6 is partly the effect of lateral change of the local structure near JRT3.
Outer Circle Shooting
The outer circle shooting also indicates azimuthal dependence of propagation in the crust. Since the radius of the outer circle is 18 km, the wave travels down to the 6.2 km/s layer (Fig. 5) . We can derive information of the deeper crustal structure from the outer circle shooting. Table 7 indicates that the layer has the fastest direction north-south. The direction is almost perpendicular to that derived from the inner circle shooting. One large ambiguity for the outer circle data is, however, variation in the depth of the interface between the 4.5 km/s layer and the 6.2 km/s layer. The reflection data do constrain the depth of the acoustic basement (Fig. 17) , which we used for the analysis of the inner circle data, but do not show the deeper interface. Then, we have two alternative models: an anisotropic and laterally homogeneous model and an isotropic and inhomogeneous model. The It is possible to construct an isotropic model in which the thickness changes: we calculated that contribution from the time term of the 4.5 km/s layer, which explains the azimuthal dependence of the traveltime. If the layer has variation in thickness with magnitude of 0.2 s in time, that is about 900 m, a laterally inhomogeneous model explains the data. We show one of the models in Figure 18 : we derived the model by interpolating and extrapolating the variation of the time term on the outer shooting circle into the studied area. 
Origin of the Anisotropy
Although the data from the outer circle shooting could not definitely confirm the existence of the anisotropy, we can safely say that the basement layer just below the acoustic basement has a considerable amount of anisotropic component which we detected by analyses of traveltimes and deviation of ray paths (Fig. 19) .
We have obtained coring samples from Hole 794D between 573.0 and 733.5 mbsf (Ingle, Suyehiro, von Breymann, et al., 1990) . Within the depth range we found nine igneous units: the lithologic sequence represents a series of stacked sills and flows. The igneous complex represents a portion of the Miocene volcanic floor. A P-wave velocity analyzed in samples from the sequence shows a minimum of 3.8 km/s 
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igure 12. Correlation of traveltimes, offset distances, and depths of the acoustic basement for the outer circle shooting recorded by the downhole seismometer. The abscissa is azimuth in degrees clockwise from north. Traveltime of the refracted wave propagating in the upper 6.2 km/s layer (top). Offset distance between the shot and the OBDS in km (center). Two-way traveltime from the sea surface to the acoustic basement (bottom). at 699 mbsf and a maximum of 6.3 km/s at 667 mbsf. Moreover, since the core recovery is 21.7% at the hole, we lost many soft materials in the sequence. These observations suggest highly heterogeneous structure in that depth range. A small-scale heterogeneity whose characteristic length is less than the wavelength of the seismic wave can cause an anisotropic effect on wave propagation. Since the wavelength of the P-wave in the basement layer is a few hundred meters, there should appear an anisotropic effect if the heterogeneities of a scale of about several tens of meters are aligned. Sills or dikes in the upper crust may account for such heterogeneity. The direction of the strike of intrusion of the dike is controlled by the stress field during the igneous activity: the strike is parallel to the direction of the maximum principal axis of the tectonic stress (e.g., Nakamura, 1977) . The alignment of the intrusion is parallel to the fastest direction of the wave propagation because the igneous material is generally hard and has a higher wave velocity. Thus, if this mechanism was dominant, our data suggest that there was the east-west to east-southeast-west-northwest compressional stress field at the formation of the crust. This inference contradicts the scenario that the Japan Sea was opened due to a back-arc spreading at an age of about 15-20 Ma (e.g., Otofuji et al., 1985) if the small-scale local structure is also controlled by the tensional stress field of east-southeast-west-northwest direction in the regional scale. We therefore prefer the idea that the present stress field makes the preferred orientation of the heterogeneity in the upper crust: earthquake focal mechanisms indicate that the stress state is compressional in the east-west to east-southeast-west-northwest direction (Fig. 20; Yamazaki et al., 1985) . If a medium with randomly oriented cracks is deformed due to a compressional stress field, cracks perpendicular to the maximum stress direction close and those parallel to the direction open (Fig. 21) . Eventually, the open cracks align in the direction of the compressional stress axis, and a macroscopic velocity is also fastest in the direction. Our observation of the anisotropy is consistent with this idea. The cracks, in reality, can be some soft materials in the igneous rocks of the upper crust. Our data also suggest strong lateral heterogeneity in the upper crust: the structure with a scale length greater than the wavelength appears as heterogeneity.
There still remains work in the future, which is beyond the scope of the present study: we should treat both anisotropic and lateral inhomogeneous effects simultaneously in the traveltime analysis. Then we will be able to discuss the magnitude of anisotropy and heterogeneity.
CONCLUSIONS
We conducted a controlled source seismic experiment to detect seismic anisotropy in the upper crust using data from the OBDS installed in Hole 794D of the Ocean Drilling Program. Combining data from OBSs, which were deployed during the experiment, we obtained refraction and reflection data on two circle profiles with radii of 9 and 19 km. Data from the inner circle shooting provided confident evidences of the anisotropy and the lateral heterogeneity: we estimated the direction and the magnitude of the anisotropy by modeling the traveltime data with sinusoidal terms in a velocity function of the refracted waves. The fastest direction is east-west to east-southeastwest-northwest and the magnitude is in the range of 3% to 7%. We interpret the anisotropy to have been caused by the present stress field of the east-west to southeast-northwest compression. X(km) Figure 18 . Variation of thickness of the 4.5 km/s layer. Assuming that the variation in the traveltime of the refracted wave from the outer circle shooting is due to the variation of the thickness, then the contribution to the time is shown in s. . Regional stress field determined by studies of earthquake mechanisms (Yamazaki et al., 1985) . Directions of the maximum compression are shown by arrowheads with dots at which earthquakes occurred. Probable range of the fastest direction of P-wave in the crust near Hole 794D is shown by fans. Bathymetry in meters. 
